E. coll promoters which are coordinateiy regulated in response to amino acid limitation contain conserved nucleotide sequences immediately 3' to -10 region. These sequences contain predominantly either GC or AT residues depending on whether the response is respectively negative or positive. Certain classes of promoters also contain conserved sequences upstream of the primary promoter. In tRNA genes these sequences could act as a secondary polymerase binding site.
INTRODUCTION
With the notable exception of the nif genes in Klebsiella (1), promoters for the RNA polymerase of Enterobacteria are defined by two regions of conserved sequence located about 10 and 35 bp upstream of the transcription startpoint and separated by an optimum 17 bp (2). These characteristics are major determinants of promoter activity, but because they are common to most promoters do not serve to distinguish one class of promoter from another. In E^. coli the transcription of the genes encoding stable RNA species and ribosomal proteins (r-proteins) is coordinated with both growth rate and aminoacid availability i.e. stringent control (3,A).
Mutation in RNA polymerase is known to perturb both modes of control (5-7) suggesting that RNA polyuerase is a target of the regulatory systems involved.
Stringently controlled promoters do contain a conserved sequence, the GC rich discriminator, immediately 3 1 to the -10 region (8, 9 ). This sequence is absent from other promoters. This paper collates additional relevant data and contrasts the discriminator of stringently controlled promoters with that of the reciprocal class of promoters for aminoacid biosynthetic genes. In addition sequence conservation in the region upstream of the primary promoter site is described.
Discriminator sequences
A previous report (9) showed that 16 promoters known or believed to be under stringent control contained a conserved sequence spanning positions 
(3D 
f ' C C in the non -5 to +2 (defining the -10 region -5 -1+1 as positions -12 to -7). This sequence, C c c C -8 g transcribed strand, was absent from promoters not under stringent control.
Analysis of additional promoter sequences now available reveals that the discriminator sequences for stable RNA and r-protein mRNA promoters fall into two distinct classes. The consensus sequence for stable RNA promoters is -6 -1+1 GCGCC-C- (Table 1) . In this class, rrnA P , and by sequence analogy rrnB P and rrnG P , are not stringently controlled (10,11).
Discounting these three promoters, and that for metY, a minor tRNA species positions -5, -4 and -3 are absolutely conserved. The consensus sequence for r-protein mRKA promoters is -5 -1+1 C c c c -c C-t, position -1 being the preferred transcription startpoint. g g g g
In this case, however, only one position, +2, is absolutely conserved. One promoter, rplJLp, present in the original tabulation (9) was an apparent exception, having only a 3/6 fit to the initial consensus sequence, even though the expression of rplJ and rplL is known to be under stringent control (12). Recent evidence suggests, however, that the major promoter determining expression of these r-proteln genes is rplKAp and not rplJLp (13). The InfC sequence included in Table 1 is an inferred promoter sequence selected on the basis of a computer search using the ANALYSEQ program of Staden (14) . It is apparent inactivity 1T± vitro is possibly attributable to the high ionic strength used in the assay system (15).
The GC rich sequence for stringently controlled E. coli promoters is not conserved in all bacterial species. Table 1 shows that the discriminator of the hisR gene in the closely related Salmonella typhimurium is also GC rich but deviates slightly from the consensus for E^.
coli promoters. By contrast sequences in the homologous position of Bacillus subtilis rRNA promoters bear no resemblance to the corresponding E^. coli sequences, although there is some limited conservation of another sequence close to the transcription startpoint (35).
In addition to putative stringently controlled promoters Table 1 (Figure 1 ). Isolated -35 and -10 sequences were similarly located (14). and rrnX P both have isolated -10 regions on opposite strands separated by 18 bp and 17 bp respectively whilst rrnD P and rrnE P both have 1 1 corresponding isolated -35 regions separated by 17 bp. These upstream regions often contain a multiplicity of such sequences. By contrast rrnB P and rrnG P contain putative upstream polymerase binding sites in the same orientation as the primary site (Table 2 and Figure 1 ). None of these features is apparent in any of the rra P, promoters (see for example rrnG ? 2 in Figure 1 ).
For ribosomal protein mRHA promoters the pattern of secondary polymerase binding sites is also highly variable. Two types of strong site can be identified. In rpsL the secondary site is immediately upstream and in the same orientation as the primary site (Table 2) . Consistent with this structure we observe that RNA polymerase protects from DNase I digestion a region of the rpsL promoter extending from t -75 to +20
(unpublished observations). In rpmH, rpsT, rpsll secondary polymerase binding sites are again in the same orientation as the primary site but are separated from it by 125, 89 and 71bp respectively. In rpsE a prominent inverted repeat between -40 and -79 contains an isolated -10 region at each end. Yet other r-protein promoters e.g. rpmBG and rpsA, appear to lack an upstream polymerase binding site close to primary promoter. (Table 3 ) and has the unusual property that it can be present in either orientation. The AT block at -70 is conserved to a lesser extent (16). In general r-protein mRNA promoters lack sequences of this type in this position although rpsU is an exception in this respect.
DI3CUSSI0W
In this paper I have described DNA sequences which are common to particular classes of E^. coll promoters but which are absent from others.
One major class of promoters is that whose activity is reduced by up to The conservation of sequences is most apparent in the primary RKA polymerase binding site. For stringently controlled promoters the GC rich sequence (discriminator) abutting onto the transcription startpoint (9) is strictly conserved. With the exceptions of thrU, rplS and rpsMK the discriminator sequences of all promoters in this class differ in no more than one position from the corresponding consensus sequence. Only one other sequenced promoter, dnaA P 9 , has a comparable fit to the r-protein consensus (22). This would be consistent with the observation that the dnaA product participates in the initiation of chromosomal replication (23), a step known to be blocked by aminoacid limitation (24, 25) . From the data now available the conclusions of the original report can be extended.
First, stable RNA promoters and r-protein promoters differ in the precise sequence conserved and in the position of the transcription startpoint although in both cases the sequence is GC rich. Second, of those promoters originally classed as believed to be under stringent control, rrnA P and by extension rrnB P are now known not to be so regulated (10,11) while rpoB (rplJL) is thought to act principally as an internal promoter in the rplKA-rpoBC operon (13). In all cases these promoters had a relatively poor fit to the proposed consensus sequence, i.e. 4/6 and 3/6 respectively.
In contrast to stringently controlled promoters the discriminator region of those for aminoacid biosynthetic operons is in general AT rich. Three positions are highly conserved, -4, -3 and +3, so that the resulting consensus partially overlaps that for stringent promoters. The phenomenon of partial overlap suggests that the AT rich consensus in these promoters is not simply a result of the exclusion of GC base pairs.
What is the function of these discriminator sequences? Two reports (26, 27) show that a change in the sequence of the GC-rich discriminator results in a loss of sensitivity of promoter expression to ppGpp, There is
however aa yet no genetic evidence that this region performs a function in vivo.
Although sequence conservation in the region upstream of the primary polymerase binding site is less general several conclusions are apparent.
First strong putative polymerase binding sites are present in the upstream region of most tRNA promoters and also occur in some rRNA and r-protein promoters. In general they have less homology to the ideal promoter sequence than the primary site (2).
By contrast most rrn P., pheU and some r-protein promoters clearly lack obvious putative upstream polymerase binding sites. Such rrn P promoters The orientation of the opposed -35 is opposite to that of the opposed -10 regions so that in both cases each individual sequence can be considered to be a component of two directly opposed polymerase binding sites (Table 4) . The other conserved feature of the upstream regions of promoters is the dA/dT block found at -51. The block is found in some tRNA promoters and all rrn P promoters except again, rrnG P . This sequence assumes a 1 1 helical structure different from a normal mixed B-helix (Drew and Travers, manuscript in preparation). The formation of such a structure appears to require a minimum of five consecutive ApA, ApT or TpT doublets. It may therefore be relevant that the sequence in this region in rrnA P , which is not stringently controlled, although close to the consensus, is interrupted by a GC base pair. The dA/dT block also occurs in the rpsU promoter. In this case it lies precisely at the separation point between the primary and secondary polymerase binding sites.
In summary, sequence conservation in the discriminator region of the primary promoters of stringently controlled and aminoacid biosynthetic genes is strongly correlated with the class of promoter. By contrast rrnX P , phell rrnE P asnT, supB-E, thrU rrnB P , rrnG P rrnE P , rrnX P
sequence conservation in the region upstream of the primary promoter is much more variable and reasonable conservation of structural features is only observed within groups of closely related genes e.g rRNA or tRNA
genes. (The principal features of these groups are summarised in Table A) .
It seems likely that this variability in structural patterns may reflect more subtle nuances in the regulation of these genes.
Transcriptional control of stable RNA genes
The sequence data suggest a unifying model to explain the coordinate control of E. coli stable RNA species during the stringent response and the variations in growth rate control. This model proposes that the activity of all rrn P and tRNA promoters is positively regulated by RNA polymerase bound to the upstream region. For most tRNA promoters as well as rrnC P and possibly rrnB P , a single molecule would bind to a relatively strong binding site containing both -35 and -10 regions; for rrnA, rrnD, rrnE and rrnX P promoters two molecules of polymerase would bind to opposite sides of the double helix directed by isolated -10 or -35 regions in opposite orientations and separated by "• 17 bp. Both stringent and growth rate control could be achieved by regulating the occupancy of the upstream polymerase binding site. Occupancy would be dependent on both the concentration of free polymerase and its affinity for its binding sites.
Consequently any agent which directly regulates RNA polymerase bindingfor example, ppGpp, the putative effector of the stringent response -would have a much stronger effect on promoters activated by polymerase than on others subject to different controls. Different modes of growth rate control would be consequent on the number of polymerase molecules required for activation. A single molecule bound to the upstream site would result in expression being directly dependent on the effective polymerase concentration, while a requirement for two polymerase molecules bound to the upstream site would result in expression being proportional to the square of the effective polymerase concentration. Since stringent control is highly correlated with the discriminator sequence at the transcription startpoint, models of this type also imply a coupling between polymerase binding at the primary (initiation) and secondary (regulatory) sites.
